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ABSTRACT (229 WORDS) 
Purpose: Designing a new T2 preparation (T2-Prep) module in order to simultaneously 
provide robust fat suppression and efficient T2 preparation without requiring an additional fat 
suppression module for T2-weighted imaging at 3T. 
Methods: The tip-down RF pulse of an adiabatic T2 preparation (T2-Prep) module was 
replaced by a custom-designed RF excitation pulse that induces a phase difference between 
water and fat, resulting in a simultaneous T2 preparation of water signals and the suppression 
of fat signals at the end of the module (now called a phaser adiabatic T2-Prep). Using 
numerical simulations, in vitro and in vivo ECG-triggered navigator gated acquisitions of the 
human heart, the blood, myocardium and fat signal-to-noise ratio and right coronary artery 
(RCA) vessel sharpness using this approach were compared against previously published 
conventional adiabatic T2-Prep approaches 
Results: Numerical simulations predicted an increased fat suppression bandwidth and 
decreased sensitivity against transmit magnetic field inhomogeneities using the proposed 
approach, while preserving the water T2 preparation capabilities. This was confirmed by the 
tissue signals acquired on the phantom and the in vivo MRA, which show similar blood and 
myocardium SNR and CNR and significantly reduced fat SNR compared to the other methods 
tested. As a result, the RCA conspicuity was significantly increased and the motion artifacts 
were visually decreased.  
Conclusion: A novel fat-suppressing T2-preparation method was developed and 
implemented that demonstrated robust fat suppression and increased vessel sharpness 
compared with conventional techniques, while preserving its T2 preparation capabilities. 
Keywords (3 to 10): adiabatic; coronary; angiography; fat suppression; T2 preparation, 3T 
MRI, noncontrast. 
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INTRODUCTION  
In cardiac MRI, noncontrast-enhanced sequences often lack the required contrast to 
distinguish blood from myocardium. T2 preparation (T2-prep) modules (1) allow to increase this 
contrast by making use of the difference in T2 relaxation time between these two tissue types 
(2,3), while they are also used for robust myocardial T2 mapping at both 1.5T and 3T (4,5). 
Meanwhile, unwanted signal from fat can compromise the delineation and anatomical 
visualization of the coronary vessels and thus decrease the image quality in coronary MR 
angiography (MRA) (6). Unsuppressed fat signal may also lead to water-fat signal cancelation 
and can accentuate artefacts.  
To suppress unwanted lipid signal, navigator-gated MRA sequences usually include 
additional fat signal suppressing approaches, such as CHEmically Selective Saturation 
(CHESS) (7), water-excitation (8–10), or frequency-selective inversion RF pulses (11,12). 
Higher magnetic field strengths however may complicate conventional fat saturation and T2 
preparation techniques, which are sensitive to B0 and B1 field inhomogeneities. The use of 
adiabatic RF excitation pulses addressed the sensitivity to B1 inhomogeneities (13–16). A 
previous study in the thigh (15) showed that introducing a specific delay before the tip-up pulse 
of an adiabatic T2-preparation module allowed the simultaneous saturation of spins resonating 
at a target frequency. However, the fat suppression bandwidth was inherently fixed and may 
not be sufficient to cope with B0 inhomogeneities around the heart. Another study (17) 
demonstrated that decreasing the bandwidth of the tip-down RF excitation pulse resulted in an 
attenuation of off-resonance signals such as fat. However, because the off-resonance signal 
suppression was also dependent on a precise RF excitation angle, this method remained 
sensitive to B1 inhomogeneities and still required the use of an additional fat saturation module. 
Moreover, the increase in RF excitation angle of both the tip-down and tip-up RF excitation 
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pulse, which was required to negate inversion recovery of the fat signal in between the T2-Prep 
and the start of the acquisition, reduced the efficiency of the T2 preparation of on-resonance 
water (17).  
In the current study, the aforementioned challenges of robustness to B0 and B1 
inhomogeneities at 3T while preserving T2 contrast and simultaneously suppressing fat are 
addressed by replacing the tip-down RF excitation pulse by a custom-designed pulse (Fig. 1A). 
The concept is to rotate both on- and off-resonance spins into the transverse plane while 
introducing a specific phase difference (Dj) between the two populations of spins at the T2 
preparation echo time (Fig. 1B). Then, the non-selective tip-up pulse rotates the on-resonance 
magnetizations back along the longitudinal axis but because of Dj, the off-resonance spins 
are rotated into the transverse plane and are spoiled  by subsequent spoiler gradients (Fig. 
1C). Dj can be adjusted to obtain the desired longitudinal components of the off-resonance 
magnetizations at the end of the module without altering the T2 preparation of on-resonance 
spins and without increasing the RF power. This proposed fat-suppressing T2 preparation 
technique, from here on referred to as the phaser adiabatic T2-prep (PA-T2-Prep), effectively 
rotates the fat magnetization with each applied RF excitation pulse, which increases the 
robustness to B1 inhomogeneities.  
The goal of this study was to implement and optimize the PA-T2-Prep approach and to 
compare versus routinely used techniques. To this end, the efficacy of this approach was 
assessed by numerical simulations where the sensitivity of this technique to B0 and B1 
inhomogeneities was quantified. The results from the simulations were validated in phantom 
and electrocardiogram (ECG)-triggered navigator-gated acquisitions of the human heart in 
healthy volunteers.  
Arn et al.  Phaser adiabatic T2-preparation 
 
 
5 
 
 
 
METHODS 
Tip-down RF pulse design 
The first RF pulse of the T2-Prep was designed to simultaneously rotate the fat and water 
magnetization into the transverse plane with a total bandwidth comprising both water and fat 
while inducing a phase Dj between the two populations (Fig. 1D). The Fourier transform can 
be utilized to design small flip angle RF pulses. Hence, the pulse shape can be approximated 
as the inverse Fourier transform of two rectangular functions, each representing the desired 
transverse magnetization of water and fat, with bandwidth BW/2 shifted by ± BW/4 with a phase 
of ±Dj/2. The pulse shape is thus proportional to the following description (Fig. 1E): 
 12 𝑠𝑖𝑛𝑐 '2𝜋	𝐵𝑊/22𝜋 𝑡. '𝑒0	123 	𝑒40	35	6	78/9	 +	𝑒40	123 	𝑒0	35	6	78/9	. = 	𝑠𝑖𝑛𝑐 <783 𝑡= 𝑐𝑜𝑠 <𝜋 783 𝑡 − 	𝛥𝜑/2=   (1) 
 
where sinc is the normalized cardinal sine function and t is time. The pulse duration PD was 
set to 8180 µs, the maximum duration allowed by the software. The pulse bandwidth was 
chosen in order to have a fat suppression bandwidth close to 700 Hz (total bandwidth 1400 
Hz) while having zero-crossings at the beginning and the end of the pulse, which is satisfied if 
BW = 3BCD , 𝑘 ∈ ℤ∗. BW was set to 1467 Hz (i.e. k=3), the RF excitation angle was kept to 90° 
and the pulse off-resonance frequency (𝑓K) was set to -100 Hz, in between water (0 Hz) and 
fat (-407 Hz). The optimal Dj for water-fat phase separation, that facilitates fat suppression, 
which was adjustable on the user interface of the scanner, was subsequently determined 
empirically on a phantom such as to minimize the fat signal (see Methods - Phantom study). 
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To compensate for phase gain due to 𝑓K and Dj, the initial phase of the phaser tip-down pulse 
was set to −L3 (𝑃𝐷	2	π	fK 	+ 	𝛥𝜑). 
Numerical simulations 
The effects of the conventional adiabatic T2-prep (CA-T2-Prep) (14) with CHESS fat 
saturation (+ FS) and the proposed PA-T2-Prep on the longitudinal magnetization were 
quantified using numerical simulations performed in MATLAB (The Mathworks, Natick, MA, 
USA). Both the tip-down and tip-up RF excitation pulses were modelled as Hamming-
windowed sinc functions of 800 µs of opposite polarity for the CA-T2-Prep + FS. For the PA-
T2-Prep, the tip-down pulse as described above was used while the tip-up pulse was identical 
to that of the CA-T2-Prep. For both methods, the two hyperbolic secant refocusing adiabatic 
pulses were modelled as ideal 180° rotations. The CHESS pulse was modelled as 
implemented on the scanner, a 5120 µs, -407 Hz Gaussian pulse with RF excitation angle = 
100°. The simulations were performed by Euler integration of the Bloch equations using steps 
of 1 µs. The T1 and T2 relaxation times were set to those of fat at 200 ms and 50 ms, 
respectively, while the off-resonance frequency was varied from -1000 Hz to 1000 Hz, and the 
B1 amplitude ranged from 0 to 200% to account for B0 and B1 magnetic field inhomogeneities. 
The peak frequency of fat was assumed to resonate at -407 Hz off resonance and a 
magnetization was considered suppressed if its longitudinal component at the end of the T2-
prep was reduced to between ± 10% of the starting magnetization M0. 
Phantom study 
The optimal water-fat specific phase difference Dj was empirically searched using  a three-
compartment cylindrical phantom containing mixed solutions of agar and NiCl2 (Sigma-Aldrich, 
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St. Louis, MO) (18), or baby oil (Johnson and Johnson, New Brunswick, NJ), which mimics the 
magnetic relaxation properties of blood (T1=1463 ± 24 ms, T2=221 ± 15 ms), muscle (T1=1072 
± 8 ms, T2=31 ± 0.4 ms) , and fat (T1=211 ±1 ms, T2=42±0.3 ms). The phantom acquisition was 
performed on a clinical 3T scanner (MAGNETOM Prismafit, Siemens Healthcare, Erlangen, 
Germany) using a 18 channel spine and 16 channel chest RF coil with a segmented 3D 
Cartesian GRE sequence with a field of view (FOV) of 160 × 96 × 95 mm3 and resolution of 1 x 
1 x 5 mm3. After a 40 ms T2-prep with 10 ms hyberbolic secant adiabatic refocusing pulses 
(13,5), 25 k-space lines were acquired using centric ordering. TR = 5 ms, TE = 2.5 ms, RF 
excitation angle = 15°, bandwidth = 501 Hz/pixel, time between T2-preps = 1 s. Dj was varied 
between 90° to 270° by steps of 5° (randomized acquisition order) and the resulting average 
signal from each of the 3 compartments was quantified. The Dj yielding the lowest fat signal 
in this experiment was used for the rest of the study. 
Next, the mean signals in all phantom compartments were quantified after using five 
different T2 preparation modules: no T2-Prep, CA-T2-Prep, CA-T2-Prep + FS, the proposed PA-
T2-prep and the water-selective adiabatic T2-Prep with fat saturation (WSA-T2-Prep + FS) (17). 
The B0 and B1 fields were intentionally not shimmed to test the sensitivity of each technique to 
inhomogeneities. A one-hour long scan with 100 averages was acquired prior to the following 
acquisitions to reach thermal steady state for true noise quantification in scan-rescan 
acquisitions. Scan-rescan acquisitions were performed for quantification of blood, myocardium 
and fat compartment mean signal and noise using the acquisition-subtraction method (19). A 
compartment specific SNR was computed relative to the no T2-Prep case to emphasize 
compartments specific differences across T2-preps. A B0 map with a bandwidth of ± 1000 Hz 
was computed from two acquisitions with the same acquisition parameters as described 
previously, but with continuous excitation, without T2-Prep and with a TE of 2.5 ms and 3.0 ms. 
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Scaling in B0 maps was cropped to ± 500 Hz.  Additionally, a B1 map from two acquisitions with 
RF excitation angles of 60° and 120° was computed, with a TR of 10 s using a double-angle 
method (20). 
In Vivo study 
Whole-heart free-breathing ECG-triggered navigator-gated scans were acquired in healthy 
volunteers (N=6, age=27±4y). The volunteers gave written and informed consent. The study 
was carried out according to the institutional rules.  In order to keep the scan time below one 
hour per participant, only the CA-T2-Prep, CA-T2-Prep + FS and PA-T2-Prep were tested. The 
same imaging sequence plus parameters were used as described in the phantom study, except 
for a FOV of 230x368x86.4 mm3 and an isotropic pixel size of 1.2 mm. After acquisition, the 
images were reformatted using Soap-Bubble, a semi-automated reformatting and vessel 
tracking software package (21). The right coronary artery (RCA) vessel sharpness and blood, 
myocardium, chest fat and epicardial SNR were quantified in chest fat, epicardial fat, blood 
and myocardium. SNR was approximated by dividing the signal averages from regions of 
interests drawn in respective tissues by the standard deviation of the background noise. 
Differences between the CA-T2-Prep and PA-T2-Prep as well as between the CA-T2-Prep + FS 
and PA-T2-Prep were tested via a Student’s t-test for paired data using the Bonferroni 
correction with a p-value < 0.05 considered statistically significant. Additionally, the specific 
absorption rate (SAR) was recorded from the system console. 
  
Arn et al.  Phaser adiabatic T2-preparation 
 
 
9 
 
 
 
RESULTS 
Numerical simulation 
The simulation of the PA-T2-Prep (Fig. 2A) predicted an increased robustness in fat 
suppression against both B0 and B1 field inhomogeneities in comparison to the CA-T2-Prep + 
FS (Fig. 2B). For a tissue with an off-resonance frequency of -407 Hz, the magnetization was 
suppressed if B1 was between 84% and 111% for the CA-T2-Prep + FS, versus 75% and 130% 
for the PA-T2-Prep. At a B1 amplitude of 100%, the fat suppression bandwidth was 162 Hz for 
the CA-T2-prep + FS and 627 Hz for the PA-T2-Prep.  
Phantom study 
The minimum average fat signal in the phantom occurred at a Dj of 110° (Fig. 3A). This 
parameter was kept for the remainder of this study. The SNR of the blood, muscle, and fat 
compartment using either the CA-T2-Prep, CA-T2-Prep + FS, WSA-T2-Prep + FS and PA-T2-
Prep relative to using no T2-Prep show differences in fat suppression and T2-weighting (Fig. 
3B). Compared to the CA-T2-Prep, CA-T2-Prep + FS and WSA-T2-Prep+FS, the PA-T2-Prep 
reduced the lipid signal by 93.2%, 70.0% and 66.1% respectively. The blood and myocardium 
compartment SNR in PA-T2-Prep images were respectively 0.7% and 0.9% lower than in the 
CA-T2-Prep, and 3.4% and 26.9% lower than in the WSA-T2-Prep+FS. 
Fat suppression using the PA-T2-Prep was improved in regions where field inhomogeneities 
hindered the capabilities of other methods (Fig. 4, red arrows). In contrast to the CA-T2-Prep + 
FS and PA-T2-Prep, the WSA-T2-Prep reduced blood and myocardium signals in regions where 
the B0 imperfections increased the precession frequency by more than 200 Hz (Fig. 4, green 
arrows). 
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In Vivo study 
Compared to the CA-T2-Prep+FS, the PA-T2-Prep reduced chest and epicardial fat SNR by 
53% (p=0.03) and 47% (p=0.02) respectively in volunteers. No significant differences between 
blood SNR (p=0.29), myocardium SNR (p=0.34) and blood-myocardium CNR (p=0.30) were 
observed. The more homogeneous suppression of fat signal increased vessel sharpness by 
24% (p=0.01). Compared to the non-fat suppressing CA-T2-Prep, the PA-T2-Prep reduced 
chest and epicardial fat SNR by 79% (p=0.001) and 74% (p=0.001) respectively and increased 
vessel sharpness by 36% (p=0.005). No significant differences between blood SNR (p=0.66), 
myocardium SNR (p=0.90) and blood-myocardium CNR (p=0.35) were observed. The PA-T2-
Prep visually reduced the amount of motion artefacts in the image (Fig. 5). The SAR increased 
by 1% using the PA-T2-Prep compared to the two other methods. 
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DISCUSSION 
As demonstrated by the Bloch equation simulations, the PA-T2-Prep not only increases the 
fat saturation bandwidth, but also avoids water signal attenuation when its resonance 
frequency is shifted due to field inhomogeneities. Additionally, the multiple rotations of the fat 
magnetization during the PA-T2-Prep decrease the fat suppression dependence on B1 
precision compared to the use of a single fat saturation pulse.  
The WSA-T2-Prep (17) achieves precise fat suppression by increasing the RF excitation 
angle of both tip-down and tip-up pulses. However, this approach also affects the on-resonance 
magnetization and as a result, some loss in T2 preparation can be expected. This effect was 
observed and confirmed in the phantom experiments. Because the PA-T2-Prep rotates the 
magnetization 90°, the effectiveness of the T2 preparation is conserved, as confirmed by the 
measured SNR in the phantom and in vivo experiments. In phantom experiments it was 
demonstrated that the water-fat phase separation Dj influences the final orientation of the fat 
magnetization after the T2-Prep (Fig. 1). This parameter can be adjusted to adapt the module 
to different pulse sequences. For example, a balanced steady-state free precession acquisition 
may require ramp-up pulses between the T2-Prep and the acquisition, during which the fat 
signal may recover. In this case, Dj may be increased to compensate for this additional 
recovery. In the phantom experiments, the slight decrease of <1% (yet above the noise level) 
in blood and myocardium compartment signal using PA-T2-Prep may be explained by off-
resonance partial volume suppression. Another possible explanation for this loss could be the 
excitation profile ripples of the phaser tip-down pulse due to its finite duration, which are not 
compensated during the tip-up pulse. In any case, this effect is relatively small and can be 
neglected.  
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Similar to the CA-T2-Prep with FS or the WSA-T2-Prep, the new proposed method only 
suppresses the fat once before the acquisition. As such, the effectiveness of the fat 
suppression is ultimately limited by the pulse sequence that follows. In sequences using 
Cartesian sampling trajectories the proposed PA-T2-Prep may remove the need for additional 
fat suppression modules in cardiac imaging and thus reduce SAR. However, it will be less 
suitable for acquisition schemes that do not allow for centric reordering of the phase encoding 
planes of k-space, such as radial acquisitions. Although water-selective excitation approaches 
may be more suitable for fat suppression in radial whole-heart MRI at 3T (22–24), acquisitions 
requiring T2-preparation modules may still benefit from the proposed approach as it can offer 
an additional, tunable range of fat suppression. More recently T2-Prep approaches designed 
for coronary artery imaging at 1.5 included outer volume suppression strategies (25,26), with 
integrated spectral spatial sinc pulses for fat suppression (27). Their utility at 3T remains to be 
investigated considering SAR may be higher and bSSFP less performant at higher field 
strengths, therefore these methods were not compared in the current study. Another limitation 
includes the minimum duration of the T2-prep module that the lengthy tip-down pulse imposes. 
Compared to the minimum duration of 21.7 ms for the CA-T2-prep, the PA-T2-prep requires at 
least 29.0 ms, which limits the range of available T2 contrast, although this may be addressed 
by using a shorter adiabatic refocusing pulse pair. However, this is not a limitation for coronary 
MRA where longer T2-Prep durations are typically used, but its effects on T2 mapping may 
have to be investigated.  
Nevertheless, the proposed fat-suppressing PA-T2-prep may indeed benefit T2 mapping 
techniques that utilize incrementing T2-prep durations. This may reduce chemical shift artifacts 
that hinder cartilage delineation and quantification in human knees (28), and may obviate the 
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use of additional fat suppression modules in cardiac T2 mapping (4,5,29) or combined T1 and 
T2 mapping techniques (30,31). 
CONCLUSION 
In this study, a novel T2 preparation approach was developed that provides a large spectral 
bandwidth of fat suppression. As confirmed by simulations as well as in vitro and in vivo 
acquisitions, the technique is robust against B0 and B1 inhomogeneities, and preserves blood-
myocardium SNR and CNR. As a result, the RCA vessel sharpness was increased compared 
with conventional approaches. 
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FIGURES 
Figure 1  
 
Diagram of the proposed phaser T2 preparation module and design of the phaser tip-
down RF pulse. (A) Overview of RF pulses used in the T2 preparation module. The module is 
followed by a spoiling gradient (not illustrated). (B) Excitation of the water (blue) and fat (yellow) 
magnetizations by the phaser tip-down pulse. The solid and dashed vectors represent the 
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magnetization before and after the excitation respectively, and the black dashed trajectories 
represent their rotations. Both fat and water are rotated into the transverse plane, but the pulse 
introduces a phase difference Dj between the two. (C) Excitation of the water and fat 
magnetizations by broadband tip-up pulse. The T2 prepared water magnetization is restored 
along the longitudinal axis while the fat is kept near the transverse plane because of Dj. (D) 
Desired transverse magnetization fraction ǁMxy(f)ǁ (red) and magnetization phase arg(Mxy(f)) 
(green) after the phaser tip-down RF excitation as function of spin off-resonance frequency. 
BW: RF excitation bandwidth, Dj: phase difference between fat and water magnetization, f0: 
RF excitation pulse frequency (E) B1 amplitude of the phaser tip-down RF excitation pulse as 
a function of time, calculated as the inverse Fourier transform of (D). 
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Figure 2 
 
Numerical simulation of the performance of the phaser adiabatic T2 prep (PA-T2-Prep) and 
the conventional adiabatic T2-prep with fat saturation (CA-T2-Prep+FS). The longitudinal 
magnetization (Mz) as a fraction of the initial magnetization (M0) is plotted as a function of B1 
strength and tissue off-resonance frequency after application of (A) the PA-T2-prep and (B) 
CA-T2-prep + FS. A B1 value of 100% corresponds to the desired applied RF amplitude. The 
dashed line indicates the center frequency of fat (-407 Hz), and the outlined green regions 
correspond to a resulting longitudinal magnetization within ±10% of the initial magnetization. 
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Figure 3  
 
(A) Blood, myocardium and fat compartments as well as noise mean signal extracted from 
the images of the multi-compartment phantom. Local minima on the fat signal curve indicate 
optimal fat suppression for Dj=110° and Dj=270°, where the intensity reaches the noise level. 
The blood and myocardium compartment signal is largely unaffected by the change of Dj. (B) 
SNR of the blood, myocardium and fat compartments of the phantom using different T2-Prep 
techniques relative to using no T2-Prep. The blood and myocardium signals in the CA-T2-Prep, 
CA-T2-Prep+FS and PA-T2-Prep were similar. However, the 120° RF excitation angle of WSA-
T2-Prep reduced the efficiency of the T2 preparation, resulting in increased myocardium SNR. 
The fat signal was most reduced using the PA-T2-Pprep.  
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Figure 4 
 
A comparison of the different T2 preparation methods in the multi-compartment phantom 
with corresponding B0 and B1 maps..  Images acquired with no T2-Prep, the conventional 
adiabatic T2-Prep (CA-T2-Prep) without and with fat saturation (FS), the water-selective 
adiabatic T2-Prep (WSA-T2-Prep) and the phaser adiabatic T2-Prep (PA-T2-Prep). Orange 
arrows indicate locations of improved fat suppression using the PA-T2-Prep compared to other 
fat suppression methods. Green arrows indicate positive off-resonance regions in which the 
water selective method attenuated the signal which was not observed using the PA-T2-prep.   
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Figure 5 
 
A comparison of the T2 preparation modules in the human heart in vivo at 3T. ECG-triggered 
navigator-gated reformatted images of a healthy volunteer using the conventional adiabatic T2-
Prep without and with fat sat (A,B) and the phaser adiabatic T2-Prep (PA-T2-Prep) (C). Orange 
arrows indicate improved fat suppression using the PA-T2-Prep compared to the conventional 
fat suppression (FS) using CHESS. Green arrows show a decrease of motion artefact when 
the lipid intense signal was further attenuated. 
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